Abstract: An attempt is made to present some experimental predictions of the RandallSundrum model, where compactification radius of the extra dimension is stabilized by the radion, which is a scalar field lighter than the graviton Kaluza-Klein states. We calculate the conversion cross-sections of the photons into the radions in the external electromagnetic fields, namely, in the static fields and in a periodic field of the wave guide. Numerical evaluations of the total cross-sections are also given. Our result shows that the conversion cross-section in the static electric field is quite small. But, in the static magnetic and periodic fields, the radion productions are much enhanced.
Introduction
There has been a lot attention devoted to the models of physics above the weak scale utilizing extradimensions in solving the hierarchy problem. Firstly, Arkani-Hamed, Dimopoulos and Dvali [1] have suggested that the fundamental scale of quantum gravity could be dramatically much lower than the Planck scale provided the standard model (SM) fields propagate on a 3-dimensional brane and the gravity propagates in extraspace dimensions. The smallness of Newton's constant can then be explained by the large size of the volume of compactification. An alternative approach as proposed by Randall and Sundrum (RS) [2] can also solve the hierarchy problem by localizing all the SM particles on the visible brane or TeV brane of a non-factorizable geometry like a slice of five-dimensional (5D) anti de-Sitter space with curvature κ. The fifth dimension of this space is S 1 /Z 2 orbifold of size r labeled by a coordinate y ∈ [0, 1/2], such that the points (x µ , y) and (x µ , −y) are identified. The four-dimensional (4D) massless graviton field is localized on another brane away from our brane. Since the fundamental gravity scales as motivated by the hierarchy problem were not much bigger than a TeV, these scenarios would have distinctive signatures in collider experiments.
In the RS model the compactification radius is in the order of Planck length and interestingly is a dynamical object. It is connected to the vacuum expectation value (VEV) of the dilaton field arising due to the compactification of full 5D theory to 4D. The radion field is an exponential function of the dilaton field scaled by proper factors [3] . Much research has been done on understanding a possible mechanism for radius stabilization and the phenomenology of the radion field in the model [4] . The motivation for studying the radion is twofold. Firstly, the radion may turn out to be the lightest new particle in the RS-type setup, possibly accessible at the LHC. In addition, the phenomenological similarity and potential mixing of the radion and Higgs boson warrant detailed study in order to facilitate distinction between the radion and Higgs signals at colliders.
One of the intriguing features of the RS models is that the neutral scalar bosons can have interactions with the photon. This feature has been recently investigated in a series of works [5, 6, 7, 8, 9, 10, 11, 12] . The couplings of two photons with neutral scalar bosons provide interesting possibility to search the latter in the external electromagnetic (EM) fields. The light particles with a two photon interaction may be created by a photon entering the EM field, an effect firstly discussed by Primakoff [13] . This effect is the basis of Sikivie's methods for the detection of axions and other light particles in a resonant cavity [14] . The pseudoscalar-photon mixing phenomenon in background magnetic field has been analyzed in detail in the literature [15] . This phenomenon has also been used to impose stringent limits on the pseudoscalar-photon coupling [16] . In the previous works, we have considered the creation of gravitons and dilations [17, 18] and axions [19] in the external EM field.
The aim of this work is to study the phenomenology of radion in the RS model and the conversion possibility of photon into radion in the external EM fields. In contradiction with the previous experiments of gravitons, dilations and axions, the radion in the RS model may be much heavier. Therefore, we should take into account the provided source of high energy photons. One way to achieve the high energy photons is to use the laser backscattering technique [20] . Then the light radion (in order of a few GeV) of the RS model can be produced.
The organization of this paper is follows. In Sec. 2 we give a review of the RS model. In Sec. 3 we present the coupling of radion to photons. Section 4 is devoted to photonradion conversions in the external EM fields. Namely, we first account for the production of radions in an 100 KV/m external electric field of flat condenser and the case in a 9 Tesla external magnetic field of solenoid in CAST experiments [21] . We next consider the conversion in a periodic EM field of wave guide. Finally, we summarize our results and make conclusions in the last section-Sec. 5.
A review of RS model
The RS model is based on a 5D spacetime with non-factorizable geometry [2] . The single extradimension is compactified on a S 1 /Z 2 orbifold of which two fixed points accommodate two three-branes (4D hyper-surfaces), the Planck brane at y = 0 and TeV brane at y = 1/2. The ordinary 4D Poincare invariance is shown to be maintained by the following classical solution to the Einstein equation: Gravitational fluctuations about the RS metric,
yield two kinds of new phenomenological ingredients on the TeV brane: the KK graviton modes h (n)
µν (x) and the canonically normalized radion field φ 0 (x), respectively defined as
where
Here Ω 0 ≡ e −m 0 b 0 /2 is known as the warp factor. Because our TeV brane is arranged to be at y = 1/2, a canonically normalized scalar field has the mass multiplied by the warp factor, i.e, m phys = Ω 0 m 0 . Since the moderate value of m 0 b 0 /2 ≃ 35 can generate TeV scale physical mass, the gauge hierarchy problem is explained. The 4D effective Lagrangian is then
where Λ φ ≡ √ 6M Pl Ω 0 is the VEV of the radion field, andΛ W ≡ √ 2M Pl Ω 0 . The T µν is the energy-momentum tensor of the TeV brane localized SM fields. The T µ µ is the trace of the energy-momentum tensor, which is given at the tree level as [22, 23] 
The gravity-scalar mixing arises at the TeV-brane by [6, 7, 8 ]
where R(g vis ) is the Ricci scalar for the induced metric on the visible brane or TeV brane, g
.Ĥ is the Higgs field before re-scaling, i.e., H 0 = Ω 0Ĥ . The parameter ξ denotes the size of the mixing term. With ξ = 0, there is neither a pure Higgs boson nor pure radion mass eigenstate. This ξ term mixes the h 0 and φ 0 fields into the mass eigenstates h and φ as given by [7, 8] 
The mixing angle θ is defined by
The new fields h and φ are mass eigenstates with masses
The mixing between the states enable decays of the heavier eigenstate into the lighter eigenstates if kinematically allowed. Overall, the production cross-sections, widths and relative branching fractions can all be affected significantly by the value of the mixing parameter ξ [6, 8, 23, 24] . There are also two algebraic constraints on the value of ξ. One comes from the requirement that the roots of the inverse functions of Eq. (2.11) are definitely positive. Suggesting that the Higgs boson is heavier, we get
The other one is from the fact that the Z 2 is the coefficient of the radion kinetic term after undoing the kinetic mixing. It is therefore required to be positive (Z 2 > 0) in order to keep the radion kinetic term definitely positive, i.e.
We now discuss the previous estimations on the radion mass and some model parameters. All phenomenological signatures of the RS model including the radion -Higgs mixing are specified by five parameters
For the reliability of the RS solution, the ratio
1 to avoid too large bulk curvature [25] . Therefore, we consider the case of Λ φ = 5 TeV and m 0 M Pl = 0.1, where the effect of radion on the oblique parameters is small [26] . The radion mass in the RS model is expected to be light as by one of the simplest stabilization mechanisms predicted in range of 10 − 100 GeV [4] . We choose ξ = 0, ±1/6, which are in agrement with those in Ref. [6] with ξγ ≪ 1,
The recent results in Refs. [23, 27] have shown that the radion can be naturally stabilized with a smaller mass, for example, in order of 10 −2 GeV. Perhaps a much lower mass can also be accommodated with little fine-tuning, which is necessary for the conversion processes considered below to be more relevant, but in general the radion is not naturally such small. There is nothing wrong with finding that the experiments do not yet probe the theoretically expected parameter space of the certain models, but that it comes close, and therefore it may be worth looking for the radion in this way. In this work, we will show the cross-section expressions for the general cases with arbitrary radion mass, but the numerical treatments only take the GeV radions into account where the effect of Higgs-radion mixing may become important. (Let us recall that in the large extradimensions, the radion is typically very light, with mass between 10 −3 eV and MeV.)
Radion coupling to photons
For the massless gauge bosons such as photon and gluon, there are no large couplings to the radion because there are no brane-localized mass terms. However, the potentially large contributions to these couplings may come from the loop effects of the gauge bosons, the higgs field and the top quark as well as the localized trace anomalies (there are also the bulk contributions if the massless gauge bosons are set off-brane, but this does not change the main results of the paper) [6, 7, 9, 28] .
Referring the reader for details of the radion-photon coupling to Ref. [6, 7] , we lay out the necessary radion-photon coupling
with
and a 12 = a + c/γ, τ t = 4m 2 t /q 2 and τ W = 4m 2 W /q 2 . The form factors F 1/2 (τ t ) and F 1 (τ W ) are given by
The important property of F 1/2 (τ ) is that, for τ > 1, it very quickly saturates to −4/3, and to 0 for τ < 1. F 1 (τ ) saturates quickly to 7 for τ > 1, and to 0 for τ < 1 [9] . Now let us turn to our main interest, i.e., the photon conversions into radions in the external EM fields.
Photon-to-radion conversions
The photon regeneration experiment, using RF photons, was described in Ref. [29] . That experiment consists of two cavities which are placed a small distance apart. A more or less homogeneous magnetic field exists in both the cavities. The first, or emitting cavity, is excited by incoming RF radiation. Depending on the radion-photon coupling constant, a certain amount of RF energy will be deposed in the second, or receiving cavity. Using Feynman diagram technique we have considered the conversion of the photon into axions in external EM field [19] . In this paper, in the framework of the RS model we apply this method to reconsider the conversion of photon into the radion.
Let us consider the conversion of the photon γ with momentum q into radion φ with momentum p in an external EM field. Using the Feynman rules we get the following expression for the matrix element
where k ≡ p − q and ε µ (q, λ) represents the polarization vector of the photon. Expression (4.1) is valid for an arbitrary external EM field. In the following we shall use it for the cases, namely in the electric field of a flat condenser, in the static magnetic field of a solenoid and in a wave guide with the TE 10 mode. Here we use the following notations: q ≡ |q|, p ≡ |p| = (q 2 − m 2 φ ) 1/2 and θ is the angle between p and q.
Conversion in electric field
Let us take the EM field as a homogeneous electric field of a flat condenser of size l x ×l y ×l z . We shall use the coordinate system with the x axis parallel to the direction of the field, i.e., F 01 = −F 10 = E. Then the matrix element is given by
For a homogeneous electric field of intensity E we have
Squaring the matrix element (4.2) we obtain
From Eq.(4.5) we see that if the photon moves in the direction of the electric field, i.e., q µ = (q, q, 0, 0), the differential cross-section vanishes. We shall explore the following case: The momentum of photon is parallel to the z axis, i.e., q µ = (q, 0, 0, q). In the spherical coordinates we then have
where ϕ is the angle between the x axis and the projection of p on the xy plane. Substitution of Eq.(4.6) into Eq.(4.5) yields
Let us evaluate the differential cross-section in the following several limits. When the scattering angle θ is very small, i.e., sin θ ≈ θ, we get then
In the limit θ → π 2 and ϕ → 0, the differential cross-section (4.7) becomes 10) which is similar to Eq.(4.9) with l x ⇆ l y . From Eqs.(4.8,4.9,4.10) we see that the differential cross-sections in the direction of the condenser depends quadratically on the intensity E, the sizes of condenser, and the photon momentum q. Since the external EM field is classical we can therefore increase the scattering probability as much as possible by increasing the intensity of the field and/or the condenser volume containing the field. Now we are interested in the total cross-section σ e (q) = dΩ(dσ e /dΩ). Since the integrand as given by the general formula (4.7) does not simultaneously vanish over the integrated domain, the total cross-section is always different from (i.e. larger than) zero. Because the integrand as well as the total cross-section which depend on provided photon high momentum q (at least larger than the radion mass) are very rapidly oscillated with q (an evaluation for l x,y,z q from the values given below implies this), the numerical treatments are actually issued by the following problems:
1. A plot constructed from a finite number of points where the neighboring ones (point next to point) are connected by a line would not have an obvious variation rule. In principle it is an arbitrary line, not reflecting the realistic variation of the cross-section or the spectrum.
2. An average cross-section,σ e (q) = 1 q 2 −q 1 q 2 q 1 dqσ e (q), also changes arbitrarily due to the current numerical methods calculating the integral with a finite number of divisional points in the integrated domain.
To overcome these difficulties, we will plot a large spectrum of point (q, σ e (q)) corresponding to a large number of values of q in the interested domain. The orientation of the spectrum will reflect the correct variation of the cross-section. Let us note that the resulting crosssection will be almost independent of the radion mass values if m 2 φ /q 2 ≪ 1.
In practice, to evaluate the total cross-section for Eq.(4.7), the parameters are chosen as follows: Λ φ = 5 TeV, ξ = 0, ±1/6, α = 1/128, l x = l y = l z = 1 m = 5.07 × 10 6 eV −1 , E = 100 KV/m = 6.517 × 10 −2 eV 2 [19] , and the radion mass can be taken in the limit m φ = 10 GeV [23] . The total cross-section on the selected range of momenta q for the radion production are given in Figure 1 . Here the different values ξ = 0, ±1/6 approximately yield the same contribution to the cross-section. As demonstrated in the two plots, when the number of points is increased the resonances become shapely. We can see from Figure 1 that the cross-section is quite small to be measurable because of the current experimental limits, even though the resonances presented in this case. The total cross-section (cm 2 ) for conversion in electric field as a function of provided momentum q = 100 − 600 GeV. The upper plot is depicted as 400 points, and the lower one is for 30000 points.
In addition, it follows from Figure 1 that the changing of the cross-section in the domain 100 GeV < q < q t GeV is much faster than the remaining domain q > q t GeV, where the "transition point" q t is around on 200 − 300 GeV. In the second one, the cross-section approaches constant when q is large. The reason for this is that the total scattering crosssection is dominated by forward scattering at large q. This can be seen in the three subcases of Eqs. (4.8,4.9,4.10 ). Up to rapidly oscillating (and bounded) terms, the latter two behave like 1/q 2 , whereas the first one is essentially q-independent in this limit (averaging over oscillations). This can be seen directly also from the term in square brackets in Eq. (4.5). Due to the chosen geometry, k x and k y are always large (∼ q), but k z can be small for forward scattering, and thus sin k z /k z → 1.
The slope of the cross-section with the large q can be approximated as σ ′ (q) ≃ 4.142 × 10 −61 cm 3 , which may be seen from the Figure 1 . This value justifies again that the cross-section tends to the constant. The transition point q t can be naively evaluated as intersection of the asymptote of the cross-section in the large q domain and the horizontal axis, that is q t ≃ q − σ(q) σ ′ (q) ≃ 230 GeV (valid for large q). It is noticed that this parameter is the derivative one, not concerning as any characteristic scales of the model. Its value depends only on a choice of the parameters such as the radion mass, the size of condenser, the field strength, and so on.
Let us remark that when the momentum of photon is perpendicular to the electric field E we have then the most optimal condition for the experiments.
Conversion in magnetic field
Next, we consider the conversion of photon into radion in a homogeneous magnetic field of the solenoid with radius R and a length l. Without loss of generality we suppose that the direction of the magnetic field is parallel to the z-axis, i.e., F 12 = −F 21 = B. The matrix element is given then
In the cylindrical coordinates, the integral (4.11) becomes
After some manipulations we get
where j 1 is the spherical Bessel function of the first kind. From Eqs.(4.11,4.14) we obtain the differential cross-section as follows
Eq.(4.15) shows that when the momentum of the photon is parallel to the z-axis (the direction of the magnetic field), the differential cross-section vanishes. This result is the same as the previous section. It implies that if the momentum of the photon is parallel to the EM field, then there is no conversion. If the momentum of the photon is parallel to the x-axis, i.e., q µ = (q, q, 0, 0), then Eq.(4.15) gets the form 16) where ϕ ′ is the angle between the y-axis and the projection of p on the yz-plane [9] . Now we are interested in several cases. The first case is for θ ≈ 0 we have
(4.17)
In the limit θ → π/2 and ϕ ′ → 0, Eq.(4.16) becomes
For the last case, the limit θ → π/2, ϕ ′ → π/2 yields yields the same value which is presented as in Figure 2 . From Fig. 2 we see that the total cross-section for the radion production in the magnetic field are much bigger than that of the electric field. This happens because of B ≫ E. In this case, the resonant figure disappears although the number of points is much increased. This may be due to the fact that the cross-section is given as an incoherent multiple of the Bessel and trigonometric functions. Notice also that in similarity to the previous case, the behavior of the cross-section is different in the two domains divided by a transition point around on 200 − 300 GeV. It is worth mentioning here if the radion mass is much smaller than the provided photon momentum, the cross-sections are much larger. The total cross-section (cm 2 ) for conversion in magnetic field as a function of provided momentum q = 100 − 600 GeV. The upper plot is depicted as 400 points, and the lower one is for 30000 points.
Conversion in wave guide
We will show that the cross-section can also be enhanced in comparison to the electric field case when the conversion exists in a varying EM field. Let us consider a case of the periodic external EM field of the wave guide with the TE 10 mode. The nontrivial solution of this mode is given by [30] H z = H o cos πx l x e ikz−iωt , 20) with the cutoff frequency ω o = π lx . The expression for the matrix element is
where p 0 ≡ q 0 + ω, and
, 
Substituting Eq.(4.22) into Eq.(4.21) we obtain the differential cross-section
When the momentum of the photon is parallel to the z -axis, the differential crosssection vanishes. This is the same as in the static EM fields. If the momentum of the photon is parallel to the x -axis, Eq.(4.23) becomes
where p = (q + ω) 2 − m 2 φ . To compare the cross-section with the previous cases, we take H 0 = B, q = 500 GeV and m φ = 10 GeV, for example, into account. The remaining parameters are chosen as before. In Fig. 3 we plot the total cross-section as a function of the high frequency external source: ω/ω 0 = 5000 − 10000. The cross-section as presented is on average much larger than that of the static electric field, but smaller than that of the static magnetic field. It can become comparable to the latter when the frequency is large enough. When the number of points plotted is increased, the shape of steps become obvious. But, what do the steps mean?
Let us first note that in this case the total cross-section increases because it is proportional to ω 2 as can be evaluated from (4.24) due to ω 0 ≪ ω, k ≪ m φ ≪ p, q. Since the The total cross-section (cm 2 ) as a function of the external field frequency ω/ω 0 = 5000 − 10000 corresponding to the value q = 500 GeV. The upper plot is depicted as 400 points, and the lower one is for 30000 points.
provided photon source is fixed as mentioned, any enhancement in the external EM field is correspondingly used to convert into possible additionally-produced radions, which depends drastically on the increasing rate and amount of the external field energy momentum (ω, k). The scale for this energy momentum is proportional to k = |k| ≃ ω ∼ 10 3 ω 0 ∼ 10 −3 eV, which is so small in comparison to the radion mass. To create such a heavy radion, m φ = 10 GeV ≫ 10 −3 eV, an appropriate change in (namely, a large enough amount of) ω could be needed while the cross-section is still remained constant. And, when the ω approaches the upper bound of this amount, the radion is just generated and the cross-section is then stepped as seen in the plot. This happens similarly for the next levels. Notice also that, in principle, this case could be observed experimentally since one can control the frequency ω.
Let us remind that the cutoff frequency of the TE 10 is ω 0 = π lx and at any given frequency ω only a finite number of modes can propagate [30] . It is often convenient to choose the dimensions of the guide such that in the operating frequency, only the lowest mode can occur. This is an important point in order to apply it in experiments.
Conclusion
With the help of the coupling of radion to photons, we have obtained the conversion crosssections of photon into radion in the presence of several external fields such as the static electric field of the condenser, the static magnetic field of the solenoid and the periodic electromagnetic field of the wave guide. The numerical evaluations of the total crosssections are also given.
The production cross-sections of radion in the static electric field is quite small, which is not expected to be easily observed. However, the cross-section in the static magnetic and periodic electromagnetic fields are much enhanced, which can be measurable in the present experiments.
Let us mention again that since the Randall-Sundrum model radion is quite heavy with masses at least in the GeV range, the experiments are only available if the provided photon sources are in high energies, as we often take some hundreds of GeV. Also, the light radions in the model if they really exist are favored in these experiments.
The original experiments were designed for searching axions and gravitons which are the very light particles. Such possible light radions if exiting in the model would be more accessible. In this case, one can use our general formulae of the cross-sections, then by the same procedure one can achieve the results, which have not yet displayed in this work.
In this work we have considered only a theoretical basis for the experiments, other techniques concerning construction and particle detection can be found in Ref. [21] . It is emphasized that our study can be applied for searching the possible light radions in other models such as the large extradimensions.
